Abstract-In this paper, a centralised control framework is introduced for day-ahead operational planning of active distribution networks which accommodate high levels of distributed generation resources. The purpose of the framework is to plan network operation in order to minimise power curtailment from distributed generation and maintaining acceptable levels of voltage regulation throughout the network. For this purpose, both power flow control and rapid network reconfiguration have been considered as various acceptable levels of control available to the network operator to provide required levels of operational flexibility. The power flow control within the network is promised by the application of fully controlled back-back voltage source converters placed in key points (both normally-open and normally-close) in the network. Meanwhile, the network reconfiguration constraints guarantee that radial topology is always maintained in order to avoid tremendous changes in the protection system coordination. The operation of a modified 33-bus system exemplar is analysed in three case studies namely, passive network (base case), active network using remote-controlled switches and active network using intelligent power converters. Results show a significant saving in terms of operational costs as well as transmission losses in active cases despite the radial constraint condition in place.
I. INTRODUCTION
Most countries have now adopted a greener energy generation portfolio which mostly is based on using renewable energy resources. A large capacity of renewable energy generation comes in form of small-scale distributed generations (DGs) which are integrated in distribution (medium and low voltage) networks [1] . However, the low ratio of reactance-to-resistance in line impedance of radial MV/LV networks implies a higher sensitivity of voltage fluctuations to active power injections from variable DG resources [1] . In order to avoid voltage problems, in an active distribution system (ADS), DG outputs are controlled in a manner set by network operators which imposes DG power curtailment when necessary [2] . Consequently, several voltage constraints management schemes have been proposed to reduce DG power curtailment. The schemes include coordinated Volt-Var control [3] , coordinated dispatch of distributed energy resources [4] , and reactive power compensators (e.g. shunt capacitor, static Var compensator) [5] . Recently, network reconfiguration has attracted research interest in the field especially with rising penetration levels of DG in distribution networks [6] - [9] . The approaches are applied to achieve certain objectives including, but not limited to, loss minimisation [6] , reliability improvement [7] , grid supply reduction [8] and DG power curtailment minimisation [9] . Network reconfiguration is applied by altering the structure of the network topology via changing status of sectionalising (normally-close) and tie switches (normallyopen) in the system. In order to facilitate coordination of overcurrent protection relays, it is preferred that network topology stays radial at all times within network reconfiguration scheme. By doing this, power flow from generation to demand can be re-routed through less sensitive feeders to improve the system voltage profile [6] . However, intermittent behaviour of demand and DG supplies causes rapid change of the switches operation to manage voltage fluctuations [9] . Thus, online application of the network reconfiguration would shorten the switches' lifetime.
Power electronic devices are a good alternative to the conventional remote-controlled switches for a variety of network applications including network reconfiguration. In [10] - [12] , a back-to-back (BTB) arrangement of voltage source converters (VSCs) are suggested to be installed at normally-open points between adjacent feeders for creating loops between feeders. This topology is normally known as a Soft Normally Open Point (SNOP). The main advantage of using BTB-VSCs over the conventional remote-controlled switches (RCSs) is that it provides active and reactive power flow control at its interface terminals, thus improving the reliability and stability of the operation of radial power network. For example, operating BTB-VSCs at normally open points can be used to form closed loops similar to meshed This work is sponsored by Universiti Kebangsaan Malaysia and Ministry of Higher Education's Malaysia. networks for load balancing between adjacent feeders using power flow control [10] . However, such studies typically do not consider suitable operational constraints to avoid undesired misconfiguration in the existing protection coordination schemes. The easiest way to address this issue at low investment on the protection coordination is by introducing a set of suitable operational constraints that would maintain the network's radial topology [13] . Since the BTB-VSC is used to control power flows at its interface terminals, it clearly has capability of blocking power flows which means it can act as a controlled switch. In this paper, the concept of SNOP previously introduced in [10] - [12] has been generalised to applications in both normally open and close points for both network reconfiguration and power flow control purposes.
The contributions of this paper are therefore three-fold: (i) the centralised management framework in [9] has been extended to include control settings of BTB-VSCs for a dayahead operational network planning, (ii) to ensure a realistic power flow control operation, a generalised explicit model for the BTB-VSCs is introduced which incorporates the converters realistic operational limits, and (iii) to ensure enforcement of a radial topology, a binary decision variable within the BTB-VSC operational constraints is introduced to efficiently exploit the existing radial topology requirement. Studying on radial topology makes this work differ from [11] and inappropriate to be compared. This paper is organized as follows: Section II describes the derivation of the generalised BTB-VSC model that explicitly addresses radial configuration constraints. Section III presents a multi-period optimal power flow formulation for implementation of the centralised control framework. Section IV highlights the difference in explicit control variables between RCSs and BTB-VSCs. Section V discusses on the three distinct case studies investigated in this work and followed by conclusions in section VI.
II. GENERALISED BTB-VSC POWER-LINE MODEL

A. Voltage Source Converter (VSC) Full Model
The basic 3-phase full bridge voltage source converter shown in Fig (1a) forms the essence of the mathematical model presented here which is an extension of the model presented in [14] - [15] . It has been observed that for purposes of efficient computational modelling the converter could be represented as essentially an ideal transformer with complex tap (
) whose magnitude corresponds to the actual PWM amplitude modulation ratio and phase shift corresponds to the actual phase shift, relative to system reference, that can be exerted at the output AC voltage (RMS, line-line). For an actual VSC with a DC input voltage of dc E the AC output voltage at converter terminals then becomes:  For a two-level converter k ≈ 0.612 and this model can be extended for any type of converter at any switching level [15] . The advantage of this model is that it combines both DC and AC sides on one single frame of reference for efficient load flow calculations. It also does not neglect the operational limits imposed on the converter for linear operation (i.e. 0 ≤ m a ≤ 1) [15] . The converter in the linear region is then able to provide independent active and reactive power through controlling its AC output terminal voltage. Furthermore, using the ideal transformer model, a realistic operational capability curve for the VSC may also be derived which is shown in Fig (1b) which takes into account the limiting factors of the VSC operation, namely the switching devices (i.e., IGBTs) current limit, the DC bus voltage, E dc , and the DC cable current limit [16] . Note that the shunt branch, B sw in Fig (1a) is used to impose a zero reactive power flow constraint on the DC circuit. This notional susceptance thus models the leading or lagging VAR operation through PWM switching action in the converter. Other elements of the circuit are the interface admittance, cr Y and the shunt resistor (conductance, G sw ) to represent switching power loss of the VSC for a given PWM switching frequency. Accordingly, the nodal current injections can be expressed as [14] - [15] :
can then be calculated as below:

B. BTB-VSC Nodal Powers
Fig (2) shows the BTB-VSC connected to an adjacent medium voltage line via a phase reactor, cr x for power flow control purposes. 
In (4) and (5), the equivalent admittance values are:
 
As can be seen in Fig (2 ) that both converters (VSC 1 and 2) are connected at a common DC bus, the following power balance constraint, which is derived from DC side of power injections in (3), must be fulfilled: 
 
In this study, it is assumed that the switching loss of the VSCs is negligible (G sw1 = G sw2 ≈ 0). As discussed earlier, the reactive power injections in DC circuit are kept at zero by imposing an appropriate constraint (Q 01 =Q 02 =0). The values of B sw1 and B sw2 correspond to converter reactive power output as function of modulation ratio and phase angle.
C. Radiality Constraint
In order to maintain network radial topology, this model requires binary decision variables, s c to enforce zero power flow constraint at the controlled lines when it is needed for network reconfiguration purposes. This will be added into BTB-VSC operation limits that will be explained in the next sub-section. Radial structure of the network can be obtained by ensuring the number of blocked lines (zero power flow) must be exchanged with the same number of other controlled lines (installed with BTB-VSC) [9] as:  where, C is the subset of lines with BTB-VSC and 0 c s is the initial status of controlled lines in a radial distribution network. However, this constraint alone is insufficient and might cause zero-injection at some buses [17] . In order to overcome this problem, all possible paths to link between region R and the grid supply point (GSP) are identified,
 is 1 in case of an active kth path and zero otherwise. Each region must have at least one active path to the GSP using the following constraint:
  D. Converter Operating Limits
As mentioned earlier, VSC operation is also restricted by current limit of the switching devices (IGBTs) and DC cables. Assume that BTB-VSC is designed with higher current rating of DC cables; the limits can be addressed solely using IGBT's current rating. Therefore, the AC current injections of both VSCs (VSC 1 and 2) must fulfill the following constraints, derived from (4) and (5), respectively:
 
where, I rate is the current limit of VSC. A binary variable, s c as discussed earlier is used to suppress the current flow through the controlled lines when it is necessary to enforce radiality.
III. MULTI-PERIOD OPF FORMULATION
The centralised control framework proposed in this paper uses multi-period optimal power flow (OPF) for near-realtime (day-ahead) operational planning of the medium voltage distribution network. The demand and DG generation outputs are forecast for the day-ahead and are fed to an OPF solver in the central controller. The multi-period OPF formulation within the central controller framework in more detail is given in Appendix A. Overall control framework operation is shown graphically in the flow chart of Fig (3) . In this figure, x is the vector of state variables and u is the vector of control variables associated with the DGs, OLTC and BTB-VSCs settings. For comparison purposes, control variables for RCSs are used to replace BTB-VSCs as introduced in next section. 
IV. CASE STUDIES AND RESULTS
This optimisation problem has been formulated in AIMMS modelling environment [18] . The problem is solved using KNITRO 9.0 on a PC of 3.5 GHz and 8 GB RAM. It also has been formulated in AMPL language [19] and solved using mixed integer nonlinear programming (MINLP) algorithm developed by Roger Fletcher and Sven Lyeffer within NEOS Server [20] for validating purposes. Both KNITRO 9.0 in AIMMS and MINLP in NEOS Server are converged to the same solution in all cases. The average computational time by KNITRO 9.0 in AIMMS is 64 seconds.
A. Test network
The proposed framework is applied on a modified of 33-bus benchmark test network in [21] as shown in Fig (4) Fig (4) is obtained at nominal settings without any control. It is clearly showed that nodes at the end of feeder experiencing voltage rise problem at the presence of DGs. This is particularly apparent in buses 12-18 due to high DG reverse power flows. In the active test cases presented here, the network is actively managed using all control devices within their operation settings as given in Appendix B to ensure voltage limits of 0.95/1.05 p.u. at all buses and thermal limit of lines, S max = 5 MVA. The active cases consider the radial constraints are enforced. Three different scenarios are considered namely, a normal operation (day-ahead scheduling) and two worst case scenarios (high demand/ no generation and low demand/ high generation) for each case study mentioned in Table I . The results are analysed in terms of system losses, DG curtailment, tap changer operation, line loadings, control settings for BTBVSCs and the subsequent operation cost. 
B. Daily operational planning
The proposed framework can be applied for optimum day-ahead operational planning of network controllers where demand and DG output are normally available from forecast data with average error of 5% and 9%, respectively [22] . In this case study, forecast data of daily demand and generation are assumed as in Table V in Appendix B to obtain network configuration in each time period, m within a 24-hour window. Table II shows the summary of network operation for three cases with the objective of minimising additional operation cost due to DG curtailment and power losses. The total energy of 43.2 kWh from renewable resources could be fully utilised when network reconfiguration is applied. It is also apparent that when it comes to energy losses the proposed approach using BTB-VSCs gives a much better performance than RCSs. As a result, less dependency to the external grid could be achieved. Ultimately, the proposed approach indicates a significant cost reduction from the operation cost as given in (16) in Appendix A that could achieve up to 80.7%. The cost reduction is calculated based on the following expression:
  Fig (5a) shows obtained voltage profile at bus 18 (as one of the nodes of interest) for all three test cases. Referring to the base case, voltage magnitudes at some buses (particularly bus 18) are violating the upper limit due to high injection of power from DGs in which requires some amount of energy to be curtailed. Instead, the voltage constraints can be managed without curtailment via either using RCSs or BTB-VSCs. Results clearly show that BTB-VSCs are a better option to RCSs. In this case using BTB-VSCs can reduce line losses significantly by maintaining the nodal voltage at bus 18 close to its upper limit. This is made possible through reactive power injection of the VSC adjacent to bus 18. The optimal daily operation settings of the VSC (modulation index, phase angle and VAR operation) are presented in Fig (5b) and (5c). Furthermore, analysis on loading factors of the relevant equipment for three case studies is carried out to highlight the benefits of using BTB-VSCs. Fig (6a) illustrates the highest line loading at each time period for all three cases. Network reconfiguration using RCSs provides almost same loading with base case except when DG output is higher than demand (hour 9 and 15). On the other hand, a significant line loading improvement can be seen at each time period when BTBVSCs are used. OLTC burden, indicated by changes of tap position, in daily operation is also compared between different cases as depicted in Fig (6b) . Tap position is varying 8 steps in base case which is reduced to 5 steps using RCSs and further reduced to 2 steps using BTB-VSCs approach. This experimental result suggested that RCSs has changed the status of line at least twice a day. In other words, annual operation requires at least 730 times (365 days × 2 times/day) for this application. Thus, the approach based on RCSs is impractical as it will shorten the switch's lifetime due to rapid changes of the switch status.
C. Worst-case scenarios tests
In addition to daily operation, two worst-case scenarios have also been presented, namely; a) high demand during periods of no generation, b) low demand during periods of high generation. Although the scenarios rarely occur in reality, they are worth investigating as their outcomes are potentially severe. The performance comparison is presented in Table III . An additional case study is included by relaxing the radiality constraints as in (32)-(33) to solely showcase the proposed framework can be applied to meshed or weakly meshed networks. It is clearly shown that BTB-VSCs could reduce burden on the OLTC operation and line loading both in radial and meshed cases. The highest line loading is significantly improved using BTB-VSCs for a situation of high demand/no generation. At low demand/high generation, line loading might be violated in the base case if DG curtailment is not available. Therefore, higher line loading is observed using RCSs as to accommodate more power generation from DGs. Instead, replacing RCSs with BTB-VSCs will result in improved line loadings without any DG curtailment. The overall system loss is significantly improved in both scenarios when using BTB-VSCs. It is also shown that the framework could be equally used in meshed networks.
V. CONCLUSION
This paper proposes a new control framework for operational planning in active distribution networks using BTB-VSCs for purposes of flexible power flow control and network reconfiguration with additional network radiality constraints imposed. A multi-period OPF formulation is applied on the modified 33-bus test network to showcase the performance of the proposed framework, in terms of savings in total operational costs, when compared to traditional network reconfiguration approaches using conventional RCSs.
The results show that using BTB-VSCs instead of RCSs acting as both normally open and normally close switches for fast network reconfiguration would lead to far superior operational flexibility, which could ultimately reduce overall operational burden on network devices such as the OLTC as well as a reduction in line loading. Moreover, as BTB-VSCs are static devices they are subject to less levels of mechanical stress when subject to a continuously varying operational regime. The results presented in this paper also show that operational flexibility promised by BTB-VSCs will reduce the DG curtailment. The same framework could be equally applied to a realistic medium voltage distribution system (e.g. any utility models available to distribution network operators) provided that a network model could be constructed with enough data. The only difference would be the size of the problem which will undoubtedly increase with increased number of buses. However, the basic problem formulation including the radiality constraints and any limits on BTBVSCs would remain exactly the same. Thus, the framework would be beneficial toward hosting more renewable DG resources at medium voltage level. 
